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has been made in the general design and construc­
tion of transformers in recent years. 
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The Sparkless Sphere 
Gap Voltmeter—II 
Further study of the method of measuring 
voltages by the force between spheres is 
reported in this paper, comparison being 
made of results obtained by means of 100 
centimeter spheres with those obtained by 
other investigators and by a proposed* new 
A.I.E.E. standard for 50 centimeter spheres. 
By 
R. W . SORENSEN S I M O N R A M O 
F E L L O W A. I .E .E . E N R O L L E D STUDENT A. I .E .E . 
Both of C a l i f o r n i a Institute of Techno logy , Pasadena 
TThE previous paper 1 presented the 
results of certain investigations made to determine 
the feasibility of using as a measure of voltage the 
force between a pair of spheres rather than the spark-
over distance between them, and compared the re­
sults so obtained with spark-over voltages versus 
spacings for a pair of 100 centimeter spheres mounted 
along a horizontal axis. 
A paper recommended for publication by the A.I .E.E. commit tee on instruments 
a n d measurements, and scheduled for discussion at the A.I .E.E. summer con­
vent ion, Pasadena, Calif., June 22 -26 , 1936. Manuscript submitted March 3, 
1936; released for publication March 28, 1936. 
T h e authors acknowledge with appreciation the careful and large amount of 
laboratory work done by Gilbert McCann , Louis Rader, Leonard Patterson, 
F. V. Maloney, and George Kaneko in obtaining the results used in this paper. 
* T h e A.I .E .E. committee on instruments and measurements appointed a sub­
commit tee in 1933 under the chairmanship of E. J. R u t a n to s tudy sphere gap 
standards and the measurement of impulse voltages. T h e report of this sub­
commit tee on the sphere gap spark-over voltages for 60 cycles and negat ive and 
positive impulses was submitted to the committee for letter ballot, and was ap­
proved on April 7, 1936. T h e recommendation now has been forwarded to the 
A.I .E .E . standards committee . 
1. For numbered references see list at end of paper. 
Those results were such as to warrant a further 
study of force between spheres as a means of measur­
ing high voltages. This study as reported here 
comprises a comparison of voltage as determined by 
the force on the 100 centimeter horizontally mounted 
spheres used for the tests described in the previous 
paper with the spark-over voltage versus spacing for 
a proposed new A.I.E.E. standard 50 centimeter 
sphere gap, and a more complete study of force 
measurements between spheres as a basic or standard 
method of determining voltage. 
In making this study, tests were made on the 
standard 50 centimeter sphere gap for vertical and 
horizontal sphere positions at different heights above 
the floor, the spheres for all tests being mounted in a 
framework having the recognized proper dimensions. 
The following conclusions have been reached as a 
result of these tests: 
1. T h e spa rk l e s s s p h e r e g a p v o l t m e t e r is w o r t h y of ser ious con­
s ide ra t ion a s a s t a n d a r d m e a n s for m e a s u r i n g h igh vo l t ages . 
2 . T h e p r o p o s e d n e w A.I.E.E. s t a n d a r d for t h e 50 c e n t i m e t e r sphere 
s p a r k g a p is a b e t t e r c a l i b r a t i o n t h a n t h e o ld s t a n d a r d , b u t probably 
i n d i c a t e s for g iven g a p s e t t i n g s v o l t a g e s w h i c h a r e t oo low for the 
larger g a p spac ings a n d t o o h igh for t h e sma l l e r spac ings . 
3 . T h e r e is n o i n h e r e n t difference b e t w e e n h o r i z o n t a l l y a n d ver­
t i ca l ly m o u n t e d sphe re s p a r k g a p s a n d t h e influence of t h e floor 
or g r o u n d p l a n s is v e r y sma l l for e i t he r pos i t ion w h e n t h e gaps are 
of t h e o r d e r of 6 s p h e r e d i a m e t e r s f rom t h e g r o u n d p l ane a n d the 
g a p spac ings n o t ove r 3 / 4 t h e s p h e r e d i a m e t e r . 
4 . T h e sphe re s p a r k gap v o l t m e t e r is a conven ience , b u t c a n n o t be 
d e p e n d e d u p o n a s a s t a n d a r d b e c a u s e a t m o s p h e r i c a i r does not 
h a v e a c o n s t a n t b r e a k d o w n vo l t age , n o r does co r r ec t i ng for tem­
p e r a t u r e a n d b a r o m e t r i c p r e s s u r e a c c o u n t for all va r i ab l e s . 
5. T h e sphe re s p a r k g a p v o l t m e t e r becomes inc reas ing ly inconsist­
e n t a s t h e g a p spac ings exceeds 3 / 4 a sphe re d i a m e t e r . 
CONDUCT OF TESTS 
Voltage was obtained from the one million volt 
cascade transformer of the California Institute of 
Technology.2 The effective value of the wave form 
was 99.25 per cent that of a true sine wave having 
the same crest value. 1 Voltage was supplied to the 
sphere gaps through a one megohm resistance con­
nected as shown in figure 1. 
The dimensions of the laboratory and the arrange­
ment of equipment are shown in figure 1. The 
clearances quite evidently are such as to make the 
influence of building boundaries and equipment on 
sphere gap performance a reasonable minimum. 
A special quick opening circuit breaker was used 
in the primary of the transformer, thus avoiding the 
necessity of running water in the resistance used to 
prevent pitting the spheres on flashover. 
The test procedure was as follows: The 50 centi­
meter sphere gap was set at some desired spacing and 
a large number of spark-over tests made for each 
setting, the voltage on the tertiary or voltmeter coil 
being noted as each flashover occurred. For each 
test the voltage was started at zero and increased 
steadily at as rapid a rate as possible consistent with 
accuracy of tertiary voltmeter reading, the rate of 
rise being about 20 kv per second. Slower rates of 
voltage rise are productive of greater variations in 
spark-over voltage for any given gap setting, the 
slower rise frequently resulting in flashover at volt-
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ages quite definitely below values specified by 
A.I.E.E. standards for given gap spacings. 
These tests were followed by and interspersed 
with many tests for determining the relation be­
tween tertiary coil voltmeter readings and force 
measurements on the 100 centimeter sparkless sphere 
gap for appropriate selected gap spacings and volt­
meter settings. Thus the tertiary voltmeter read­
ings were made to serve wholly as comparative read­
ings, making unnecessary a determination of the 
relation between tertiary voltage and the voltage of 
the transformer. Readings of transformer voltages 
as computed from the forces on the spheres were 
readily reproducible with an accuracy of better than 
0.5 per cent for all tertiary voltmeter readings. 
The tests were made under varying conditions as 
to temperature, humidity, and barometric pressure, 
but all readings have been corrected to 2 5 degrees 
centigrade and 760 millimeters barometric pressure. 
Tests with the 5 0 centimeter gap were for the most 
part made with the gap in normal operating position, 
the axis of the gap vertical and the center of the upper 
or fixed sphere about 2 7 5 centimeters or 51/2 diame­
ters above the floor. Two sets of tests were made 
with the gap horizontal, one at the same height, 
about 5 diameters above the floor, and the other at a 
distance of 3 diameters (150 centimeters) above the 
floor. 
A fourth set of tests with the gap in a vertical 
position and over 1 0 diameters above the floor was 
also made to check the influence of the floor upon 
spark-over voltage. 
The 2 sets of tests with the gaps in a vertical posi­
tion gave identical readings for the 2 positions 5 and 
1 0 diameters above the floor for gap spacings up to 
5 0 per cent of the sphere diameter, but for greater 
spacings there was a definite indication that the 
higher the gap above the floor the greater the voltage 
required to produce flashover for given gap settings. 
The sets of tests made with the gap horizontal, at 
standard distance 5 diameters above ground, gave 
readings which indicate that, with the spheres in this 
position, correct readings may be obtained for gaps 
not exceeding half the sphere diameter, but for larger 
spacings the gap when horizontal flashes over at 
voltages somewhat lower than for corresponding 
spacings when the gap is vertical. (See figures 2, 3 , 
and 4.) 
With the gap horizontal and only 3 diameters 
above ground, flashover occurred for all spacings at 
voltages definitely lower than for like spacings of the 
gap in its normal operating position. At a spacing 
of 4 0 centimeters the voltage in this position was 
less than 9 0 per cent the voltage required for flash-
over in normal position. 
In figures 2 and 3 our test points and the results 
of other investigators are plotted so that the dis­
tances of the points from the reference line show the 
differences between the voltages indicated by the 
points and the voltages at which, according to a 
proposed new A.I.E.E. standard, the gap for a given 
setting should spark over. For each set of tests 
with the 5 0 centimeter sphere gap, the gap was condi­
tioned by a number of flashovers before any readings 
were recorded, but all readings taken after the gaps 
indicated the ability to give consistent readings, 
barring, perhaps, a few quite evidently in error, have 
been plotted. The total spread of points shown for 
the various gap settings is not the spread found dur­
ing any one test period, but is that which may be 
expected for tests extending over several months, and 
Fig. 1 (above). Arrangement of 
apparatus for tests in laboratory 
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52—50 c e n t i m e t e r s p h e r e s i n s t a n d a r d 
f rame 
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Fig. 2 (right). Deviation of test 
points from proposed new standard 
curves,- s p h e r e s v e r t i c a l , l o w e r 
spheres grounded, upper sphere 
about 5 V 2 diameters from floor 
V a l u e s o b t a i n e d b y o t h e r i n v e s t i g a t o r s 
s h o w n as f o l l o w s : X—Peek3; Δ — 
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diameters above floor 
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is a spread which apparently cannot be avoided by 
any amount of care and skill in performing the tests. 
The accuracy of voltage determination by means 
of the sparkless sphere gap is a function of the 
accuracy used in determining the following : 
1. T e r t i a r y v o l t m e t e r r e a d i n g 
2. Sphere gap spac ings 
3 . Force 
4. Spac ing fac tor 5 used in t h e e q u a t i o n F = SV2 w h e r e F is t h e 
force, a n d V is t h e vo l t age impres sed on t h e sphe res . 
The accuracy of single readings for items 1 to 3 
was of the order of 0.2 per cent for tertiary voltmeter 
readings, 1 / 2 millimeter for readings of sphere gap 
settings, and within a gram for force readings, the 
forces ranging from 100 to over 350 grams. 
Mean values of numerous readings made from time 
to time by different observers and not single readings 
have been used in determining the relation between 
tertiary voltmeter readings and the forces between 
the sparkless spheres at various spacings. The 
average deviation of single reading values was not 
more than 0.5 per cent from a curve plotted through 
the mean values thus obtained. 
The fourth item, spacing factor S, can be calcu­
lated accurately for isolated spheres. True isolated 
spheres are, of course, impossible and for actual 
conditions one must, as in the case of standard 
sphere gap measurements, take account of supporting 
shanks and adjacent bodies. The influence of 
shanks and adjacent bodies on the attractive force 
between the spheres may be determined in theory by 
test or by calculation, but in actual operation both 
methods present difficulties. One test method is 
that of measuring the capacitances at different spac­
ings for the pair of spheres as a capacitor, and com­
paring the rates of change of capacitance values with 
distance to the calculated rates of change for isolated 
spheres. Such tests call for precise small difference 
determinations of electrical quantities for apparatus 
of large physical dimensions. Such determinations 
are not readily made by methods at our disposal and 
have not to date yielded satisfactory results. 
DETERMINATION OF EFFECT OF NEARBY OBJECTS 
The effect of shanks and nearby objects on the 
voltage required to exert a force on the spheres can 
be calculated exactly if enough image points are used. 
The voltage correction factor curves shown in figures 
5 and 6 have been calculated with a sufficient number 
of image points to assure correction factors having a 
deviation of only about 5 per cent the absolute cor­
rection values which would be obtained \vith an 
infinite number of image points. Calculations made 
by Lord Kelvin, found useful in our image calcula­
tions and not readily available, are shown in con­
venient form in table I. By the use of this table the 
charge on each sphere and the force between them 
could be calculated for the condition of neither 
sphere at ground potential. 
Fig. 4. Curves of sparking voltages 
for 50 centimeter spheres 
A—Proposed n e w A . I . E . E . s tandard 
Β—From Bel laschi 
C — C u r v e t h r o u g h means o f po in t s in 
f igure 2 
χ—Means o f po in t s in f igure 3 
M—From M e a d o r 
Ρ—From Peek 
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Table I—Calculations M a d e by Lord Kelvin for Sphere Gaps 
Gap Setting 
in Per Cent 
of Sphere 





1 0 . . 
1 5 1 . 3 4 8 2 7 . 
2 0 1 . 2 9 3 1 6 . 
3 0 . 
3 5 . 
. 1 . 5 8 3 9 6 0 . 
. 1 . 4 3 1 3 1 0 . 
. . 0 . 
. . 0 . 
. 1 . 2 5 3 2 4 0 . 
. 1 . 2 2 2 1 8 0 . 
. 1 . 1 9 7 5 5 0 . 
4 0 1 . 1 7 7 3 8 0 . 
4 5 1 . 1 6 0 5 6 0 . 
5 0 1 . 1 4 6 2 9 0 . 
5 5 1 . 1 3 4 0 4 0 . 
6 0 1 . 1 2 3 4 0 0 . 
6 5 1 . 1 1 4 1 0 0 . 
7 0 1 . 1 0 5 8 8 0 . 
7 5 1 . 0 9 8 5 9 0 . 
8 0 1 . 0 9 2 0 8 0 . 
8 5 1 . 0 8 6 2 3 0 . 
9 0 1 . 0 8 0 9 5 0 . 
9 5 1 . 0 7 6 1 7 0 . 
1 0 0 1 . 0 7 1 8 2 0 . 
8 8 1 7 5 . 
7 2 3 7 8 . 
6 3 3 9 5 . 
5 7 2 0 2 . 
5 2 5 3 7 . 
4 8 8 1 9 0 
4 5 7 4 6 0 
4 3 1 4 0 0 
4 0 8 8 6 0 
3 8 9 0 8 0 
3 7 1 5 1 0 
3 5 5 7 1 0 
3 4 1 5 0 0 
3 2 8 5 2 0 
3 1 6 6 3 0 
3 0 5 6 9 0 
2 9 5 5 7 0 
2 8 6 1 7 0 
2 7 7 4 2 0 
2 6 9 4 2 0 
1 3 8 4 4 2 . 3 4 8 7 8 
5 2 8 5 2 1 . 1 2 7 0 0 
3 2 9 1 7 0 . 7 2 7 1 4 
2 3 1 5 9 0 . 5 2 9 2 8 
1 7 4 3 2 0 . 4 1 2 6 0 
1 3 6 9 6 0 . 3 3 5 7 4 
1 1 0 8 2 0 . 2 8 1 8 0 
0 9 1 7 4 0 . 2 4 1 4 6 
0 7 7 2 0 0 . 2 1 0 5 2 
0 6 5 9 2 0 . 1 8 5 9 8 
0 5 6 9 3 0 . 1 6 6 0 8 
0 4 9 6 3 0 . 1 4 9 6 2 
0 4 3 6 3 0 . 1 3 5 8 2 
0 3 8 6 3 0 . 1 2 4 0 6 
0 3 4 4 1 0 . 1 1 3 9 4 
0 3 0 8 4 0 . 1 0 5 1 4 
0 2 7 7 5 0 . 0 9 7 4 4 
0 2 5 0 9 0 . 0 9 0 6 2 
0 2 2 7 8 0 . 0 8 4 5 8 
. 0 2 0 7 5 0 . 0 7 9 1 6 
All values are in electrostatic units. The quantit ies Cs and Cm are the self- and 
mutual capacitances, respectively and — denotes the rate of change of capaci-
àx 
tance with respect to distance between centers. Hence , if the potentials of the 2 
spheres are V\ and Vi, then the total charges in each, Qi and Qi, and the attrac­
tive force are given by: 
Qi = C .T'i + CmVi Qi = CSV* + CmVi 
F = - — *T + ^ 
2 àx àx ViVi Τ 2 
The values in table I in combination with the 
curves of figures 5 and 6 enable calculations to be 
made for the effect of combinations of planes such as 
intersecting floor and walls. The effect of these 
combinations is less than the sum of the influences of 
the individual planes. 
A calculation of the effect of shanks was made for 
shanks 90 centimeters long and of varying diameter, 
approximately 5.5 centimeters. This calculation 
applied to the 100 centimeter spheres for a gap spac-
10 20 30 4 0 50 60 
GAP SETTING IN PER CENT OF SPHERE DIAMETER 
Fig. 5. Curves showing correction for effect of 
grounded plane parallel to the line of centers of 
the spheres on the voltage computed from force 
between spheres 
Curves A, B, and C fo r distances a b o v e g r o u n d o f A, 6, and 8 
d iameters , respec t i ve ly 
80 
10 20 30 4 0 50 60 
GAP SETTING IN PER CENT OF SPHERE DIAMETER 
70 
Fig. 6. Curves showing correction for effect of 
grounded plane perpendicular to the line of centers 
of the spheres on the voltage computed from force 
between spheres 
Curves A and Β f o r distances o f the p lane f rom the spheres o f 
5 and 1 0 d iameters , r espec t i ve l y ; sphere nearest the p lane 
at p l a n e p o t e n t i a l 
ing of 25 centimeters showed that the voltage as 
determined by force measurement should be de­
creased 0.G per cent. The actual shanks used in the 
laboratory are 5.5 centimeters in diameter and more 
than 90 centimeters long so the correction should be 
somewhat more than 0.6 per cent. The influence, 
however, of increased length is a rapidly decreasing 
increment. 
With the large clearances to floor and walls, and 
the total influence of the ground planes in a direction 
opposite that of the shanks and of the same order of 
magnitude for gap spacings of 25 centimeters or less 
on the sparkless 100 centimeter sphere gap, it has 
been considered advisable not to make corrections 
for these quantities. For greater spacings the 
influence of ground planes and shanks may not offset 
each other so nearly. Our large volume of test data 
for the range of spacing required to compare the 
readings of the 100 centimeter sparkless gap with the 
proposed new standard 50 centimeter spark gap shows 
that at the maximum required setting of the spark­
less gap (35 centimeters) the correction for shanks 
and ground planes would not exceed 1.5 per cent; 
that is, the voltages indicated by the curves of figures 
2, 3, and 4 would be decreased by an amount not 
exceeding this. This small correction, the only one 
which need be applied for sparkless sphere gaps, and 
which with further data available may be determined 
with excellent accuracy, indicates the possibility of 
using such sphere gaps for reference standards for 
high voltage measurements. 
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